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By Kaitlyn O’Donnell
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An Abstract of the Thesis Presented
in Partial Fulfillment of the Requirements for the
Degree of Master of Science
(in Entomology)
August 2015
This project examines the recent outbreak of the invasive winter moth
(Operophtera brumata) in mid-coast Maine. The winter moth was introduced into
New England in the late 1990’s and low densities of winter moth were detected with
pheromone traps throughout the Maine coast in 2006. Severe defoliation occurred
for the first time in Maine in the spring of 2012 in Harpswell and Vinalhaven, ME.
This pest attacks an extremely broad range of host plants, including forest
hardwood trees and agricultural crops such as highbush blueberry and apple. The
objectives of this study are to examine the differential development and survival of
the winter moth on common hardwood forest trees as well as important agricultural
crops, to determine the insect phenology in relation to host plants throughout the
year in Maine, to monitor the relative population densities on different host plants,
and to survey Maine winter moth for pathogens already present in the population.
We found that larval survival and densities are significantly higher on red oak and
apple trees and lowest on pin cherry. Larval survival is significantly higher when
vi

egg hatch is closely synchronized with host plant bud burst. Lastly, using molecular
markers, we inferred the presence of winter moth nucleopolyhedrovirus in larvae
collected from seven different host plants, including wild lowbush blueberry. Larvae
were observed feeding on wild lowbush blueberry, a new host for this species.
While larval survival and densities are lower on lowbush blueberry than on oak and
apple, they readily feed on and cause severe damage to wild blueberry when
populations are at outbreak levels. Through studying the biology of this insect, we
are able to determine the factors that are closely linked to its survival in the hopes
of developing methods of control before seeing irreparable damage to Maine’s
forests and agriculture.
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CHAPTER ONE
BIOLOGY AND ECOLOGY OF THE WINTER MOTH
Winter Moth Invasion
The winter moth (Operophtera brumata L.; Lepidoptera: Geometridae) is a
pestiferous defoliator that is native to Europe. Although this insect is a pest of trees
and shrubs in its native range, natural enemies regulate populations (Varley and
Gradwell 1956, Varley and Gradwell 1968). After this insect was acidentally
introduced into Nova Scotia on commercial nursery stock in the 1930s, it was
recognized as a pest of hardwoods and fruit crops in this region (Hawbolt and
Cuming 1950). In the 1970s, the winter moth was first reported in British Columbia
as well as Oregon and Washington in the United States. However, there is evidence
that it was established in these areas long before it was confirmed (Kimberling et al.
1986). Originally, defoliation in infested areas was attributed to other geometrid
defoliators such as the Bruce spanworm (Operophtera bruceata), a native North
American geometrid moth that is difficult to distinguish from the winter moth
(Cuming 1961, Gillespie et al. 1978, Roland and Embree 1995, Gwiadzowski et al.
2013).
More recently, the winter moth was detected on the east coast of the United
States and has been established in Massachusetts since the 1990s. The
Massachusetts outbreak was also originally mistaken for the native Bruce
spanworm and as a result, this outbreak was not identified and confirmed as winter
moth until 2003. In 2005 winter moth populations were recorded in Long Island,
Connecticut, Rhode Island, Massachusetts, New Hampshire and southern coastal
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Maine (Elkinton et al. 2010). However, the winter moth did not begin causing severe
defoliation to host plants in Maine until the spring of 2012 (Elkinton et al. 2015).
Currently winter moth populations have been detected throughout the Maine coast
from Kittery to Mount Desert Island. There are four localized outbreak populations
in Kittery, Cape Elizabeth, Vinalhaven and Harpswell, where this insect defoliated
greater than 4,800 acres in 2013 and 2,000 acres in 2014 (Charlene Donahue,
personal communication).
Winter Moth Biology and Life Cycle
The winter moth is so named because the adult stage is active during the
winter months in both its native and introduced ranges. The adults emerge from the
ground in the fall between late October and December and remain active until
December or January depending on the location and weather conditions (Varley and
Gradwell 1956, Peterson and Nilssen 1998, Elkinton et al. 2011). Adult males
emerge several days before the females and begin to fly in search of mates (Cuming
1961, Tikkanen et al. 2000). They can be observed flying at dusk in high numbers
during the winter months. In areas like Harpswell, where populations are very high
residents have described the flight of adult males as resembling a snowstorm
(Sharon Whitney, personal communication). The females are flightless and upon
emerging from their pupa they crawl up the trunk or stem of a nearby host plant.
These females then emit sex pheromones to attract a mate. The males must detect
this pheromone and find the source. Because these insects are active in the winter
months, males can detect and respond to female sex pheromones when
temperatures are between 4 and 15 C. This range is on the low end of the
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temperature ranges for other moth species (Roelofs et al. 1982). Once the male finds
a female they copulate, then the female continues climbing up the bark of the host
plant. She lays her eggs in bark crevices or under lichen, where they will spend the
rest of the winter and early spring.
As the eggs develop they change in color from green to pink and finally to dark
blue just before hatching. Eggs hatch in late spring, usually from April to May
depending on the geographic location (Cuming 1961). Upon hatch, larvae
immediately begin crawling up the trunk of the host plant as well as producing silk
strands to balloon from the trunk into the canopy. The natural spread of winter
moth relies on larval ballooning because adult females cannot fly. Depending on
weather conditions, newly hatched larvae can travel several hundred meters on
their strands of silk and can survive up to 5 days without food (Cuming 1961,
Edland 1971, Holliday 1977). Early instar larvae crawl into unopened buds and feed
from the inside out. As the leaves open and fully expand, the maturing caterpillars
are found on the underside of leaves and during later instars will roll the leaf around
themselves and feed. Winter moth larvae go through 5 larval instars over a period of
about six weeks (Cuming 1961, Eidt and Embree 1968). By the end of June, once the
larvae complete development, they drop to the ground and form a cocoon in the top
layer of soil in which they pupate throughout the summer and early fall (Varley and
Gradwell 1956, Horgan 1999).
Cyclical outbreak patterns are common among lepidopteran forest defoliators
(Myers 1998). In the winter moth’s native range, cyclical peaks in populations and
defoliation occur every 9-10 years (Varley and Gradwell 1960, Varley and Gradwell
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1968, Ims et al. 2004). In its introduced range, an oscillation in the winter moth
outbreak has been observed in Nova Scotia (Roland and Embree 1995) as well as
Massachusetts, with peaks occurring about every 2 years (Joseph Elkinton, personal
communication.).
Potential Control
In its native range, the winter moth has many natural enemies and natural
causes of mortality. In England, Varley and Gradwell (1968) found that the greatest
mortality from year to year was caused by winter disappearance and unsuccessful
larval dispersal when faced with closed tree buds. Generalist pupal predators are
also especially important for controlling winter moth populations and parasitoids
are a significant cause of mortality in outbreak years (Varley and Gradwell 1968). As
larvae, the winter moth is attacked by a very host specific parasitoid, the tachinid fly
Cyzenis albicans. This fly has been successfully used for biological control in many
areas of Canada (Roland and Embree 1995) and has more recently been released in
Massachusetts, Rhode Island and Maine (Charlene Donahue and Joseph Elkinton,
personal communication). While this fly is successful in controlling outbreak
populations, Varley and Gradwell (1968) found that in England, the fly was not a
constant cause of mortality from year to year. They suggest that this may be because
populations of winter moth in England are usually too low to sustain a healthy C.
albicans population. While the fly is successful at controlling winter moth outbreaks,
pupal predation and other mortality factors remain important once the population
begins to decrease (Frank 1967, Horgan 1999, Horgan and Myers 2004).
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In addition to the host specific C. albicans, the winter moth is attacked by a
number of generalist parasitoids in its native range (Wylie 1960, Vinstad et al.
2013). Many of these parasitoids were released in Nova Scotia, Canada as part of a
biological control and population study, with the goal of controlling the outbreaking
winter moth population. However, only C. albicans and the ichneumon wasp
Agrypon flaveolatum were successfully established. These two parasitoids were later
released in British Columbia and Oregon. Both species were successfully established
in British Columbia; however, only C. albicans was recovered from winter moth in
Oregon. In Nova Scotia, parasitism rates of A. flaveolatum were lower than those of
C. albicans. In British Columbia, A. flaveolatum were nearly unsuccessful,
parasitizing only 1-2% of winter moth. Interestingly, parasitism rates in both Nova
Scotia and British Columbia were higher in winter moth populations subsisting on
oak than those on apple (Roland and Embree 1995).
Additionally, pathogens and parasitic nematodes have been described and
investigated as potential alternative methods of control. There are three species of
microsporidia that have been described infecting winter moth (Canning 1960,
Canning et al. 1985). Tomalak (2003) found that nematodes applied in the field have
the potential for success in controlling the larval stage of winter moth. Tomalak
investigated three species of nematodes, Steinernema feltiae, Steinernema affinae,
and Heterorhabditis megidis, all naturally occurring in soils in Europe and the United
Kingdom. Recently, three cytoplasmic polyhedrosis viruses (Reoviridae) have been
described in winter moth populations on islands off the coast of Scotland (Graham
et al. 2006), and a nuclear polyhedrosis virus, which had been identified in winter
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moth in the United Kingdom (Raymond et al. 2002), has been isolated from
caterpillars and pupae in Massachusetts (Burand et al. 2011). Because this virus
exists naturally in the North American population, it presents a natural cause of
mortality in the introduced range. However, its effectiveness as a control has not yet
been explored.
Damage to Host Plants
Winter moth caterpillars regularly attack a wide range of host plants including
Malus spp. (apple), Acer rubrum (red maple), Quercus spp. (oak), Betula spp. (birch),
Crataegus monogyna (hawthorn), Prunus spp. (cherry), Fagus sylvatica (beech),
Populus tremula (quaking aspen), Salix phylicifolia (tea-leaved willow), Vaccinium
corymbosum (highbush blueberry), Vaccinium myrtillus (European blueberry,
billberry), Vaccinium oxycoccos and Vaccinium macrocarpon (European and North
American cranberry) and Calluna vulgaris (common heather), and have also been
observed feeding on Picea stichensis (Sitka spruce) (Cuming 1961, Gillespie et al.
1978, Wint 1983, Tikkanen et al. 2000, Vanbergen et al. 2003, Nestby et al. 2011).
Winter moth egg hatch is synchronized with the bud burst of its host plants. At the
time of egg hatch, the buds must open enough for the larvae to enter and begin
feeding, otherwise larvae will disperse to a new host whose buds may be more
developed. As a result, oak trees in England with later bud burst experience less
damage than oaks with early bud burst that is synchronous with the winter moth
egg hatch (Varley and Gradwell 1956) Similarly, in apple orchards in England,
Holliday (1977) found that apples with more mature buds had a higher density of
caterpillars than trees with closed buds. Because the winter moth is a generalist
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herbivore and larvae freely disperse between host plants, areas near an outbreak
can quickly become infested (Edland 1971, Holliday 1977). Larvae also have the
ability to re-colonize areas where they were previously eradicated. For example, in
pesticide treated fruit orchards in Norway, young larvae were observed re-infesting
orchards by ballooning in from the surrounding forested areas (Edland 1971).
The winter moth is a damaging pest on various fruit crops because they feed
on developing leaf and flower buds. This damage to flowers results in decreased
crop yields and profits in many areas including England and Canada (Holliday 1977,
MacPhee et al. 1988, Horgan et al. 1999). The winter moth is a significant pest in
highbush blueberry crops in British Columbia because they feed during peak bloom,
when pesticide use would interfere with bee pollination (Roland and Szeto 1990). In
Norway, where winter moth is a pest in apple and stone fruit orchards, larvae will
re-infest a previously sprayed field by ballooning in from trees along field edges,
making insecticidal control of this insect difficult (Edland 1971). In apple orchards
in England, Holliday (1977) observed similar larval densities in orchards where egg
laying females were excluded and orchards with normal adult female populations.
These similarities are most likely due to dispersal of larvae from an infested area to
an un-infested area. This behavior causes rapid expansion of infested zones (Edland
1971, Macphee et al. 1988) making this insect very problematic once introduced
into an agricultural setting.
The winter moth is a forest pest as well as an agricultural pest. In infested
areas of Nova Scotia, dead Quercus rubra (red oak) were observed after repeated
years of greater than 60% winter moth defoliation (Embree 1967). In these
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infestation areas, no red oak trees were left untouched by winter moth (Cuming
1961). In Massachusetts, repeated defoliation by winter moth to oak species caused
tree mortality as well as a reduction in tree growth (Simmons et al. 2014). This
disturbance not only affects individual trees, but forest composition as well. In New
England, Simmons et al. (2014) observed an increase in woody understory plants in
areas with high winter moth defoliation. In Scotland, the winter moth attacks
Calluna vulgaris (heather) moorlands, a habitat of conservation concern. In
moorland habitats, winter moth feed on C. vulgaris and the coexisting Vaccinium
myrtillus (bilberry). Though heather is not considered a high quality host, winter
moth larvae are able to survive in moorland habitats by feeding on bilberry as an
alternate host (Vanbergen et al. 2003). Because the winter moth is polyphagous and
individuals will readily switch host plants during their lifetime, many different
habitats and host plant species are at risk of defoliation. This insect poses a threat to
Maine’s lowbush blueberry crop as well as to coastal hardwood forests and apple
orchards in the state.
Host Plant Effects
Although the winter moth is a generalist herbivore, its development and
survival are not consistent across all host plant species. Additionally, nutrition and
phenology can vary greatly between plant species, making certain plants more
susceptible to winter moth attack (Tikkanen et al. 2000, Hunter 2001, Vanbergen et
al. 2003). Host plant nutrition and palatability can vary over time as well as between
species. For example, oak leaves have increased levels of tannins later in the season
and have a lower carbon to nitrogen ratio earlier in the season, making the leaves
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more nutritious and palatable at the time of winter moth feeding (Feeny 1970).
Many studies have shown that changing climate can alter plant nutrition as well as
phenology (Buse et al. 1998, Coviella and Trumble 1999, Hunter 2001). In some
plant species, an increase in temperature and atmospheric CO2 causes an increase in
leaf tannin content, leaf toughness, and a decrease in foliar nitrogen content (Buse et
al. 1998, Drury et al. 1998, Hunter 2001, Vanbergen et al. 2003). However, studies
conducted on heather resulted in no change in leaf chemistry with an increase in
atmospheric CO2. The same study saw positive effects on plant growth, leaf
chemistry, and winter moth larval development when heather plants were
supplemented with nitrogen (Kerslake et al. 1998). Changes in leaf chemistry and
the presence of tannins affect larval growth and development. For example, nitrogen
is a limiting factor for winter moth larval growth. Feeny (1970) found that, when fed
on young oak leaves with higher nitrogen content, winter moth larvae weighed
significantly more than when fed mature oak leaves. Winter moth larvae maximize
plant nutrition and avoid chemical and physical plant defenses by feeding early in
the spring as new leaves are developing (Feeny 1970). This is a common adaptation
in the forest defoliating Lepidoptera. Similar feeding trends have been observed in
Epirrita autumnata, (Haukioja et al. 2002) a geometrid similar to the winter moth,
and Lymantria dispar (gypsy moth) (Hunter and Elkinton 2000).
Oak spp. have been repeatedly described as the winter moth’s preferred hosts
in both native and introduced ranges. Many studies have shown that densities and
survival are higher on oak species (Varley and Gradwell 1958, Varley and Gradwell
1968, Feeny 1970, Wint 1983). Vanbergen et al. (2003) found that adult wing size
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was greater in winter moth raised on oak than those on heather or Sitka spruce.
However, Tikkanen et al. (2000) hypothesized that winter moth populations would
be adapted to the most abundant host plant available because of geographical
differences in host plant phenologies. They found that this was not the case, since
oak feeding populations reared on four different host plant species had the highest
survival on Prunus padus, a type of cherry. However, adult eclosion was different in
individuals reared on different host plants (Tikkanen et al. 2000). Additionally, host
plants can affect adult size and fecundity (Tikkanen et al. 2000, Ruuhola et al. 2001).
Therefore, host plant availability, phenology, and distribution can have strong
effects on polyphagous insect population dynamics (Myers 1998).
When winter moth populations are at outbreak, no tree is left unharmed, as
demonstrated recently by the severe defoliation events in southern Maine. Host
plant chemistry and phenology are important for winter moth survival; however,
these effects differ across time and space. My goal is to study the relationship
between the winter moth and important host plants in coastal Maine.
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CHAPTER TWO
HOST PLANT EFFECTS ON WINTER MOTH LARVAL DEVELOPMENT AND
SURVIVAL
Abstract
The winter moth ,Operophtera brumata (L.) (Lepidoptera: Geometridae) is an
invasive forest and agricultural pest in North America. This insect causes severe
defoliation to a wide range of host species. This study examines the differential
larval densities, development, and survival on seven host species in midcoast Maine:
Quercus rubra (red oak), Malus domestica (apple) and Malus sp. (crab apple), Acer
rubrum (red maple), Prunus pensylvanica (pin cherry), Betula papyrifera (white
birch), Vaccinium angustiflolium (wild lowbush blueberry), and Vaccinium
corymbosum (highbush blueberry). We found that densities, development and
survival were significantly greater on natural stands of red oak (Quercus rubra) and
apple (Malus sp.) than on all other target species and were lowest on pin cherry
(Prunus pennsylvanica). We found low larval densities in open, wild lowbush
blueberry fields; however, larvae successfully fed and developed on wild lowbush
blueberry in alaboratorysetting. This suggests that winter moth is a potential pest to
wild lowbush blueberry in Maine if the outbreak expands to include areas with wild
lowbushblueberry production.
Introduction
There are many fitness benefits to being a generalist herbivore. Being adapted to
feed on multiple host species allows for more available food, greater nutrition, and
escape from predators (Bernays and Minkenberg 1997). However, a broad array of
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host plants offers a range in available nutrients, which can affect overall survival
and fecundity. The winter moth, Operophtera brumata (L.) is a generalist herbivore,
native to Europe, which causes severe defoliation in its introduced and native
ranges (Varley and Gradwell 1956, Holliday 1977, Elkinton et al. 2010). Previous
studies have found variable survival and development in winter moth fed on
different host plants (Kerslake and Hartley 1997, Tikkanen et al. 1998, Tikkanen et
al. 2000). However, these findings are not always consistent, suggesting that success
of this insect may depend on different factors such as location, temperature, plant
nutrition, or available plant species.
Early season insect defoliators, especially those feeding on oak, feed in the
spring to take advantage of more nutritional, young plant buds (Feeny 1970,
Haukioja et al. 2002). It was found that early instar gypsy moth larvae feeding on
more mature leaf material had lower survival and fecundity (Hunter and Elkinton
2000). The same study reported an increase in larval dispersal when larvae were
faced with either unopened buds or more mature leaves. Similarly, Feeny (1970)
found that larvae fed younger oak leaves weighed more at the end of development
than those fed more mature, tough leaves. Early instar winter moth larvae disperse
when faced with unopened buds in search of host plants with more advanced buds
(Holliday 1977). Because host plant phenology is not equal across different host
plant species, it is likely that larval survival and development is not equal across all
host plant species. Although winter moth has been reported to feed on numerous
hosts, many studies have found varying levels of defoliation between plant species.
For example, Varley and Gradwell (1956) described Quercus robur (pedunculate
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oak) as the predominant host for winter moth in England. Another study found that
in Fennoscandia, where Q. robur is less common, Prunus padus and Sorbus aucuparia
were the most defoliated tree species (Tikkanen et al. 1998). In Poland, Wesolowski
and Rowinski (2006) found that in old growth forest stands that included Q. robur,
Carpinus betulus (hornbeam) was the most severely defoliated. Visser and Holleman
(2001) presented evidence that recent spring warming in Europe has
desynchronized winter moth hatch with oak budburst, and as a result, winter moth
has shifted host preference away from oak to other species such as Carpinus spp. In
Canada, there have been outbreaks of winter moth on Betula papyifera (white birch)
and Vaccinium corymbosum (highbush blueberry) in British Columbia and on Malus
domestica in Nova Scotia (MacPhee et al. 1998, Horgan 1999). Further studies
looking at larval growth on different host plants found that larvae fed on Prunus
padus performed better than those fed on Populus tremula, Q. robur, and Salix
phylicifolia (Tikkanen et al. 1998). When comparing larval development between
three different Salix species with different leaf chemistry, Ruuhola et al. (2001)
found that larvae fed willow with no salicylates (S. phylicifolia) were more
successful and that growth was either reduced, or feeding was prevented, in other
Salix species with varying levels of salicylates. However, O. brumata larvae are able
to take advantage of poor host species, as seen in the outbreaks that occur on
Calluna vulgaris (common heather) in Scotland (Kerslake et al. 1996).
In addition to directly affecting survival and development of winter moth
larvae, host plant may present indirect effects on survival by increasing
susceptibility to pathogens. The winter moth is infected in its native and introduced
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ranges by several species of cytoplasmic polyhedrosis viruses (CPVs) as well as a
species of nuclear polyhedrosis virus (NPV) (Graham et al. 2006, Burand et al.
2011). Previous studies have looked into the effect of host plant species on virus
infection rate, mortality rate, and pathogen yield in different species of Lepidoptera,
as well as the potential for using these viruses as methods of control. For example,
Farrar and Ridgway (2000) found that corn earworm and beet armyworm survival
was significantly different between larvae fed on different agricultural host plants
inoculated with a species of NPV. Similarly, in winter moth Raymond et al. (2002)
found that the source host plant species affected larval mortality as well as pathogen
yield when larvae were fed different host plant species inoculated with virus.
Cunningham et al. (1981) found that the winter moth NPV and CPV were not
effective control methods when applied to apple orchards in British Columbia.
However, if the source host plant species consistently affects the larval mortality as
well as the virus propagation, viruses may be useful for developing successful
methods of winter moth control on other host plants.
This study examines the development and survival of larval O. brumata in
relation to the nutritional quality and phenology of seven different host plants
common in the outbreak areas and of high ecological and/or economic value to
Maine: Quercus rubra (red oak), Malus domestica (apple) and Malus spp. (crab
apple), Acer rubrum (red maple), Prunus pensylvanica (pin cherry), Betula papyrifera
(white birch), Vaccinium angustiflolium (wild lowbush blueberry), and Vaccinium
corymbosum (highbush blueberry). We hypothesize that larval densities and
survival will be greater for larvae fed on previously recorded hosts such as oak and
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apple. Although winter moth has not previously been recorded on wild lowbush
blueberry, we hypothesize that larvae will successfully utilize this important Maine
crop as a host plant because it readily attacks other plants in the genus Vaccinium.
We predict that first instar larvae fed on host plants whose buds have already
opened and begun expanding will have lower survival than first instar larvae fed on
newly broken buds. In order to test these hypotheses, we addressed five objectives:
1. Determine whether the densities of winter moth larvae differ between naturally
occurring host plants in the field, 2. Determine whether there are differences in
larval development between target host plants, 3. Determine whether there are
differences in larval survival on different host plants, 4. To assess whether a break
in synchrony between host plant bud burst on different host plants and larval hatch
has a negative effect on larval survival, and 5. To determine whether the winter
moth NPV is present in Maine and whether the incidence of virus differs between
larvae collected from different host plants. Outbreak populations of winter moth
were detected in coastal Maine in 2012. If survival of this insect depends on host
plant species composition in the region, targeting the right host plant when
controlling this insect will be a key component of control.
Methods
This study examining the effects of host plants on winter moth densities,
development, and survival, was executed over two years (2013 and 2014) in an
outbreak area in Harpswell, ME. All experiments focused on seven different locally
abundant host plants of O. brumata: Quercus rubra (red oak), Malus domestica
(apple) and Malus sp. (crab apple), Acer rubrum (red maple), Prunus pensylvanica
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(pin cherry), Betula papyrifera (white birch), Vaccinium angustiflolium (wild
lowbush blueberry), and Vaccinium corymbosum (highbush blueberry). The seven
sites utilized throughout the course of this study are located along the southern
most section of ME state route 123 in the town of Harpswell. Two were in mixed
deciduous stands behind residential homes (43.751814°N, -70.007376°W and
43.754064°N, -70.010518°W). A third site consisted of natural plants of red maple,
white birch, crab apple, oak, and lowbush blueberry surrounding a summer cottage
on the ocean (43.743503°N, -70.040379°W). The fourth site was a charter
schoolyard containing lone mixed deciduous trees surrounded by a mixed
deciduous stand (43.757825°N, -70.014465°W) and the fifth site was a mixed
deciduous stand within a town park (43.771165°N, -70.008789°W). The sixth site
was an open wild lowbush blueberry field with mixed deciduous edge trees
(43.761540°N, -70.014029°W) and the seventh site was private land about 500
meters from the road consisting of a wild lowbush blueberry understory with an
oak canopy (43.767713°N, -70.015040°W).
Host Plant Phenology
During the period of winter moth hatch we recorded observations on the stage
of leaf bud break in target host plants between 3 May and 9 May in 2013 and 2014.
Buds were categorized as closed, swollen, or open and the degree of openness was
visually estimated. We observed at least two buds per tree and between 3 and 5
total individual trees of each target host plant type.
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Larval Density
The first objective of this study was to assess differences in the density of
winter moth larvae on natural stands of the target host plants in the study area. This
was done at all seven sites weekly from 6 May to 7 June 2013 and from 9 May to 8
June 2014. In the first year, densities were not assessed on highbush blueberry
plants, but were assessed on the remaining six targeted host plants. All seven
targeted host plants were sampled in year two.
One to four individual trees of each host plant species present were sampled at
each site. Two branches per plant were randomly selected and the terminal 10 cm of
stem was identified. The number of buds and the number of winter moth larvae per
10 cm length of stem were recorded as well as any other insects that were
encountered on the sampled unit. In 2013 only, each 10 cm of stem was cut off the
plant, placed in a plastic bag, and stored at -18 °C for later analysis of carbon and
nitrogen content. For this analysis samples were removed from the freezer and
whole 10 cm stem samples were dried in an oven between 70-90° C for one week.
Samples were then ground using a ball mill, and submitted to the University of
Maine soil testing service for their determination of carbon and nitrogen content
using an Elementar vario MAX CNS Analyzer (EPA 440.0).
Statistical Analysis
Host plant and between year differences in the average number of larvae per 10
cm of stem on each host plant at each site were analyzed using a three way repeated
measures analysis of variance (ANOVA) with host plant, year, and site as factors.
The number of larvae per 10 cm of stem was averaged across host plant type at each
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site for the analysis. The differences in average larvae per 10 cm of stem for each
host plant at each site at peak density were analyzed using a three-way ANOVA with
plant and year as factors and site as a blocking variable. Larval densities on
highbush blueberry were not included in the analysis because they were measured
in 2014 only. The peak was estimated to be on 24 May 2013 and 26 May 2014 by
examining the densities on each host plant over time and choosing the date where
densities were the highest and closest to the end of the observed egg hatch period
(Joseph Elkinton, personal communication). To examine the differences in carbon
and nitrogen content between host plants in 2013, we used separate two-way
ANOVAs for each nutrient. The percent total carbon and percent total nitrogen
contents per 10 cm of stem were each analyzed with time and host plant as factors.
All analyses were completed using JMP®, Version 11 (SAS Institute Inc., Cary, NC,
1989-2007).
Larval Development
In order to determine differential larval survival between host plants, collections
of 50 caterpillars per host plant were made weekly from 16 May 2013 to 10 June
2013 in the first year and from 15 May 2014 to 14 June 2014 in the second year of
this study. All caterpillars were brought back to the laboratory in Orono, ME and
weighed, then placed in ethanol for later head capsule measurements. Individual
caterpillars were examined at 60X with a dissecting microscope and the width of the
head capsule at its widest point was measured using an ocular micrometer. The
instar was determined by head capsule size measurements previously described in
Cuming (1961). No weights were taken in year two.
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Statistical Analysis
Differences in the head capsule size and weights of individual larvae on different
host plants were assessed using two separate two-way ANOVAs using time and host
plant as factors. Highbush blueberry was excluded from 2013 analyses because it
was not represented in all collection weeks.
Survival
Laboratory Rearing Experiments
Differential larval survival between host plant species was tested by rearing
field-collected larvae on their respective host plant in a laboratory setting. This
study was conducted over two years. In the spring of 2013, fifty caterpillars were
collected weekly from each of the target host plants except highbush blueberry
between 7 May and 6 June 2013. Caterpillars were brought back to the laboratory in
Orono, ME and transferred, 10 per dish, into petri dishes with moistened filter paper
and leaf material consistent with the plants from which the caterpillars were
collected. All dishes were kept in a growth chamber kept at 18° C with a light: dark
cycle of 16:8 hours. Filter paper and leaf material was changed every two to three
days and the numbers of live and dead caterpillars were recorded. At the end of
larval development, peat moss was placed in each petri dish and caterpillars were
allowed to pupate. All surviving pupae were removed from their cocoons and
weighed to the nearest thousandth of a gram.
In the spring of 2014, fifty caterpillars were collected weekly from all seven
target host plants between 12 May and 5 June. Caterpillars were transferred into
petri dishes, 5 per dish, and kept in an outdoor insectary in Harpswell, ME. Larvae
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were fed, maintained, and monitored until pupation as in 2013, and again pupae
were removed from cocoons and weighed to the nearest thousandth of a gram.
Statistical Analysis
The effect of host plant species, collection date, and year on the time until larval
death was analyzed using a proportional hazard survival analysis in JMP. Due to low
survival across all petri dishes, collection four in 2013 was excluded from analyses.
Differences between surviving pupal weights were analyzed using a three-way
ANOVA with JMP with host plant, collection date, and year as factors.
Field Sleeve Cage Experiment
Sleeve cages were used to assess larval survival at different timings of egg hatch
relative to host plant phenology. This experiment was conducted over two years at
one of the residential sites in Harpswell, ME (43.754064°N, -70.010518°W). Winter
moth eggs for the experiment were collected from oak trees during the winters of
2012-2013 and 2013-2014 using bands wrapped around host plant trunks. These
bands were made of cotton batting and plastic coated on one side with Tanglefoot™.
First, batting approximately 10 cm thick was wrapped around the tree. Then plastic
sheeting was placed on top of the batting with the sticky side facing in. As adult
females emerged from the soil and crawled up the trunk of the tree the cotton
batting blocked their way, directing them towards the sticky band. Once caught in
the Tanglefoot, mated females deposited their eggs into the cotton batting. Bands
were collected in January and stored in a refrigerator at 4° C to slow development.
Before the start of the experiment, hatching was induced by placing eggs in a growth
chamber at 16° C for one week before deployment. Because releasing winter moth
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larvae onto cultivated fruit hosts was not desirable for the homeowners, these
plants were obtained from sources outside of the infestation area in Harpswell, ME
and brought to the study site. Potted highbush blueberry plants and two-year old
bare root apple saplings were purchased from Fedco Seeds (Clinton, ME) in May
2013. Bare root apple saplings were potted in 5-gallon cloth pots with pro-mix
potting soil. Wild lowbush blueberry clones were dug from managed fields at the
University of Maine’s Blueberry Hill Farm (Jonesboro, ME) and transferred into
plastic flats. Individual trees of the remaining host plants were randomly selected
within the natural stands at the study site (birch was excluded from this experiment,
as it was not available at the chosen site). Potted plants and flats were randomly
distributed throughout the site and were watered as needed.
Sleeve cages consisted of a single nylon mesh (0.5 mm) cloth sealed at one end
and open at the other (50 cm X 40 cm). To deploy, the sleeve cage was placed over a
terminal branch of each flagged host plant. A malleable foam barrier was placed
around the stem at the open end of the cage and the cage was secured using a twist
tie, which tightened into the foam to prevent openings for larvae to escape. On each
of three set dates (3, 13, and 20 May), four sleeve cages were set on each host plant
species and 20 newly hatched caterpillars were placed in each sleeve cage. Cages
were monitored regularly for defoliation and if all of the leaf material in a cage was
eaten, the cage was clipped from the plant and moved to another branch with less
damage and no winter moth present. On 30 May 2013 peat moss was added to the
bottom of the sleeve cage to provide pupation media for the winter moth larvae.
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Sleeve cages were cut down on 14 June 2013 and pupae were sifted from the peat
moss and counted.
In 2014 we followed the same procedure as in the previous year except, due to
high mortality of our field collected eggs during the previous winter (Nov. 2013-Jan.
2014), we supplemented the laboratory hatched larvae with caterpillars collected in
the field for the second release date. Larvae were released into the cages on two set
dates in 2014. The first group was released between 6 May and 9 May and the
second group was released on 29 May 2014. Caterpillars used to supplement
releases were collected from their respective host plant on the day of release and
were measured for body length and head capsule width before being placed in a
sleeve cage. Once again, sleeve cages were monitored for defoliation and moved as
necessary. Cages were collected on 24 June 2014 and pupae were sifted from the
peat moss and weighed.
Statistical Analysis
The effect of host plant and release date on the total number of larvae pupating
at the end of the experiment in sleeve cages was assessed for each year using a twoway ANOVA, with host plant and release date as factors in the model. Because we
supplemented releases in the second year of this study with older larvae, the
differences in larval head capsule size and body length between host plants at the
time of deployment was analyzed using a separate one-way ANOVA for each year
with host plant as the factor. In 2014, the differences in pupal weights were
analyzed using two separate one-way ANOVAs with host plant and then set date as
the factors.
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NPV Incidence
Caterpillars were surveyed on different host plants and examined using both
microscopy and molecular techniques for the presence of winter moth NPV. A
preliminary sampling and microscopic examination of dead caterpillars collected
from thelaboratorysurvival experiments was conducted in 2013. Ninety-nine
reserved caterpillar cadavers were squashed in a drop of distilled water on a
microscope slide and examined at 400x with a compound microscope.
In order to determine whether the incidence of virus differed between host
plants, 50 caterpillars were collected weekly from all seven host plants. These
samples were brought to the University of Maine, frozen live, and stored in a -80°C
freezer. Twenty caterpillars per host plant were selected for viral DNA extraction.
On collection dates where at least 20 caterpillars were not collected, we used all
larvae available. Individual caterpillars were used for DNA extraction and PCR
following the methods and using the ObPol primers described by Burand et al.
(2011). After the PCR reaction, 20 μl were taken from the product and mixed with 2
μl of New England BioLabs blue gel loading dye and loaded into a 1.5% agarose gel
stained with ethidium bromide. Gel electrophoresis was performed in a 1x TE buffer
solution at 80v for 45 minutes. The product was viewed on a transilluminator and
photographed. Using a 100-bp ladder on each gel, the fragment size of each resulting
band was determined. Bands sized at 700 bp were considered positive for NPV after
sequencing a subsample of these bands with positive results. A total of twenty gel
band fragments sized at 700 bp were extracted and sent to the University of Maine
DNA Sequencinglaboratoryfor sequencing and identification using the ObPol
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primers (Burand et al. 2011). Both strong and weak bands were selected for
sequencing. In these sequenced samples, we found 98-99% positive sequence
matches with the UK NPV isolate in strong bands; however, we were not able to
match weak bands with any winter moth NPV isolate. Therefore, we counted only
samples with strong bands at 700 bp as positive for NPV in subsequent gel runs.
Statistical Analysis
The effect of collection date and host plant type on the proportion of individuals
positive for NPV in winter moth larvae was analyzed using a balanced Generalized
Linear Model in JMP. The model consisted of host plant and collection weeks two
and three as factors, with year as a blocking variable. We attempted to analyze the
data with a Nominal Logistic Regression; however, the parameter estimates were
unstable in this analysis. Therefore, we applied a balanced Generalized Linear
Model.
Results
Host Plant Phenology
On 3 May 2013, cherry buds were the most developed of the target host plants.
Buds were fully open and leaves were beginning to extend. Birch and maple trees
were the second most developed, with most buds being half open and some plants
with leaves beginning to unfurl. Apple buds had recently burst and were beginning
to open and oak buds were still fully closed, though a few were opening slightly. On
6 May 2013 cherry buds were fully expanded, maple and birch leaf buds were fully
open, and apple buds were about halfway open. Oak buds were still small and tight,
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though not completely closed. On 6 May 2013, highbush and wild lowbush
blueberry leaf and flower buds were swollen and beginning to open.
Compared to 2013, we observed delayed bud burst in 2014. On 5 May 2014, we
observed maple and birch leaf buds to be expanding, though not yet fully open.
Cherry leaf buds were fully open and leaves were expanding. Apple buds had just
begun to open and oak buds were fully closed, and inaccessible to winter moth. Oak
buds did not swell and begin opening until 9 May 2014, after a day of warmer
weather in Harpswell, ME. Highbush and wild lowbush blueberry leaf and flower
were beginning to open.
Larval Density
In 2013 winter moth egg hatch was first observed on 18 April and continued
until the end of April. In 2014, egg hatch began 10 days later, on 28 April and
continued until 9 May. Densities of winter moth larvae per bud over the sampling
period were higher on oak in both 2013 and 2014 (Figure 2.1). There was a
significant difference in densities between host plants throughout the larval feeding
period as well as significant differences in density trends over weeks within a
season (time) (three-way repeated measures ANOVA; host plant: F(4,8)=9.12,
p=0.005; host plant x time (weeks within a year) Wilks’ Lambda F(12,16)=2.53,
p=0.04). Over the season larval densities per 10 centimeter of stem were lowest on
cherry and highest on oak and apple but densities declined more rapidly after peak
on birch and apple relative to other host plants in 2013 and on birch, apple,
highbush blueberry, lowbush blueberry, and red maple relative to oak and cherry in
2014. There were no significant differences in larval density between years or sites,
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and no significant interactions between these factors and time (year: F(1,8)=0.18,
p=0.68; site: F(3,8)=3.32, p=0.08; year x time: F(3,6)=0.99, p=0.46, site x time: Wilks’
Lambda F(9,15)=0.90, p=0.55) (Figure 2.1). The larval densities at peak were highest
on oak and apple in 2013 and 2014, with no significant differences in density
between years (plant: F(5,15)=616.94, p<0.003; year: F(1,15)=64.10, p=0.10; limited
degrees of freedom did not allow for testing the interaction). Although densities on
highbush blueberry were not included in this analysis, we observed lower densities
at larval peak on highbush blueberry in 2014 than on apple and oak, separated by
the lack of overlap in the calculated error bars. Densities were comparable to those
on maple and higher than densities on cherry, birch, and lowbush blueberry (Table
2.1).
The percent total carbon (per g dry weight) in the host plant leaves remained
constant over time but differed between host plants. Percent total carbon was
higher in lowbush blueberry, cherry, and birch leaf samples than in the other target
host plants (two-way ANOVA host plant: F(5,61)=16.51, p<0.0001; date: F(1,61)=0.82,
p=0.37; interaction: F(5,61)=2.25, p=0.06) (Figure 2). The percent total nitrogen in the
leaves (per g dry weight) decreased linearly throughout the period of winter moth
larval development. This linear relationship is predominantly driven by the last two
sampling dates when percent total nitrogen decreases markedly. There was also a
significant difference between nitrogen content across host plants, with cherry
having significantly higher percent total nitrogen than the maple samples (two-way
ANOVA host plant: F(5,61)=3.07, p=0.015; date: F(1,61)=17.27, p<0.0001, interaction:
F(5,61)=0.48, p=0.79) (Figure 2.2).

26

Apple
Birch
Cherry

A.

Lowbush blueberry
Maple

Number of larvae per 10 cm stem

20

Oak

15

10

5

0
0

1

2

3

4

Week

Apple
Birch
Cherry
Lowbush blueberry
Maple
Oak
Highbush blueberry

B.
14

Number of larvae per 10 cm stem

12

10

8

6

4

2

0
0

1

2

3

4

Week

Figure 2.1. Mean larvae per 10 cm of stem on each host plant pooled across all sites
in 2013 (A.) and 2014 (B.) throughout the entire sampling period. Week one dates
encompass 6 May – 10 May 2013 and 9 May – 11 May 2014; week two dates
encompass 13 May – 20 May 2013 and 20 May – 21 May 2014; week three dates
encompass 24 May – 31 May 2013 and 26 May 2014; week four dates encompass 7
June 2013 and 7 June – 8 June 2014.
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Table 2.1. Mean number of winter moth larvae and host plant buds per 10 cm of
stem at peak larval density in 2013 (24 May) and 2014 (26 May). Means
followed by differing letters refer to significance in density between host plants
combined across both years, calculated using Tukey’s HSD. Highbush blueberry
was not included in the analysis.

Year

Host Plant

2013

Apple AB
Birch B
Cherry B
Lowbush
blueberry AB
Maple B
Oak A
Apple AB
Birch B
Cherry B
Highbush
blueberry
Lowbush
blueberry AB
Maple B
Oak A

2014
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Number
of larvae
per stem
15.13
3.30
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2.00
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4.19
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Figure 2.2. Mean percent total carbon (A.) and nitrogen (B.) in dry leaf material of
six different host plants with data presented pooled across the sample dates,
separating letters calculated using Tukey’s HSD; and percent total nitrogen (C.) and
percent total carbon (D.) content of leaves over time from 6 May 2013 to 7 June
2013 pooled over all host plants.
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Larval Development
Head capsule size of larvae collected from cherry was significantly smaller
than that of larvae collected from all other host plants in 2013 and 2014. In 2013
head capsules of larvae collected from apple were larger than those from all host
plants except oak (two-way ANOVA; 2013: host plant: F(5, 774)=13.57, p<0.0001;
collection date: F(1, 774)=1659.67, p<0.0001; interaction: F(5, 774)=2.93 p=0.013; 2014:
host plant: F(6, 1284)=15.29, p<0.0001; collection date: F(1, 1284)=2739.07, p<0.0001;
interaction: F(6, 1284)=6.50, p<0.0001) (Figure 2.3). In the first and last collection
dates, there was no difference in head capsule size between host plants. However,
there were significant midseason differences in head capsule size between host
plants. On the first collection date, larvae were newly hatched and had the same
head capsule size and during the final collection date, all larvae that were more
developed during the midseason had pupated, removing them from our sampling
pool of individuals. Any larvae that were smaller and could not molt into their next
instar would die and likewise be removed from our sampling pool.
In 2013, there were no differences in the weight of larvae between host plants
on the first collection date and between host plants on the final collection date.
However, the larval weights varied between host plant in the mid season collections,
collection dates two and three. Weights were variable between these two collection
dates with larvae from oak weighing more than those from all other host plants for
both weeks (two-way ANOVA host plant: F(5,519)=10.28, p<0.0001; collection date:
F(1,519)=706.86, p<0.0001; interaction: F(5,519)=7.28, p<0.0001).

30

Apple
Birch
Cherry

A.

Maple
Oak
Lowbush blueberry

1.4

Head Capsule Size (mm)

1.3
1.2
1.1
1
0.9
0.8
0.7
0.6

1

2

3

4

5

6

Collection Week
Apple
Birch
Cherry
Maple

B.
1.6

Oak
Lowbush blueberry
Highbush blueberry

Head Capsule Size (mm)

1.4
1.2
1
0.8
0.6
0.4
0.2

0

1

2

3

4

5

6

Collection Week

Figure 2.3. Head capsule sizes of field collected larvae over five weeks in 2013 (A.)
and 2014 (B.) during winter moth feeding period. Separating letters for host plants
as follows: (2013) apple (A), oak (AB), birch (B), maple (B), lowbush blueberry (B),
cherry (C); (2014) highbush blueberry (A), lowbush blueberry (A), apple (AB),
maple (AB), oak (B), birch (B), cherry (C).
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Survival
Laboratory Rearing Experiments
For larvae fed excised foliage and reared in the laboratory (2013) or in an
outdoor insectary (2014), survival was higher on oak than on all other host plants.
Survival was lowest for those larvae fed on excised cherry foliage. There was a
significant interaction between the date larvae were collected and their host plant,
as well as between year and host plant (Proportional Hazards; host plant:
X2(6)=75.35, p<0.0001; year: X2(1)=14.58, p=0.0001; collection date: X2(1)=3.65,
p=0.056; year*collection date: X2(1)=1.35, p=0.25; year*host plant: X2(6)=22.91,
p=0.0008; collection date*host plant: X2(6)=28.42, p<0.0001; year*collection
date*host plant: X2(6)=34.44, p<0.0001) (Figure 2.4, Table 2.2). Though survival was
consistently high on oak and poor on cherry, it varied on other host plant types
between collection dates and years. Survival on maple in 2014 was lower than in
2013 and survival on apple was higher in 2013 than in 2014 (Figure 2.4). Although
collection date was not significant when survival was analyzed for both years, we
see a trend towards higher survival for larvae collected later in the feeding period.
Additionally, in 2013, there was no larval survival on highbush blueberry; however,
survival was moderate on highbush blueberry in 2014.
Weights of surviving pupae were highest overall on cherry and lowest on
lowbush blueberry and maple (three-way ANOVA; host plant: F(5,761) =13.54,
p<0.0001, year: F(5,761) =0.006, p=0.94, collection date: F(1,761) =0.29, p=0.60,
year*collection date: F(1,761) =0.56, p=0.45, year*host plant: F(5,761) =5.24, p<0.0001,
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collection date*host plant: F(5,761) =8.30, p<0.0001, year*collection date*host plant:
F(5,761)=4.81, p=0.0002). In 2013, pupal weights of larvae reared on cherry and apple
were consistently high. In 2014 pupal weights remained consistently high on cherry
and oak and weights of larvae reared on maple and birch were low.
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Figure 2.4. Host plant effects on survival of field collected winter moth larvae fed on
excised foliage from their respective host plants in the laboratory or field insectary.
Data is pooled across two collection dates in 2013 (A.) and four collection dates in
2014 (B.). Separating letters for host plants as follows: oak (A), apple (BC), birch (B),
lowbush blueberry (CD), highbush blueberry (BCD), maple (CD), cherry (D).
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Table 2.2. Risk ratios and resulting p-values describing winter moth survival
likelihood on different host plants. Risk ratios represent the likelihood that larvae
will survive on one host plant versus another.
Comparison
Level 1
Apple
Apple
Apple
Apple
Apple
Apple
Birch
Birch
Birch
Birch
Birch
Cherry
Cherry
Cherry
Cherry
Maple
Maple
Maple
Oak
Oak
Lowbush
blueberry

Level 2
Birch
Cherry
Maple
Oak
Lowbush blueberry
Highbush blueberry
Cherry
Maple
Oak
Lowbush blueberry
Highbush blueberry
Maple
Oak
Lowbush blueberry
Highbush blueberry
Oak
Lowbush blueberry
Highbush blueberry
Lowbush blueberry
Highbush blueberry
Highbush
blueberry

Risk Ratio
0.884
1.335
1.190
0.637
1.113
2.252
1.1511
1.346
0.721
1.259
2.548
0.891
0.477
0.833
1.686
0.536
1.069
0.528
0.573
0.283
0.494

p-value
0.30
0.0092*
0.12
<0.0001*
0.35
<0.0001*
0.0003*
0.011*
0.008*
0.053
<0.0001*
0.29
<0.0001*
0.10
<0.0001*
<0.0001*
0.55
<0.0001*
<0.0001*
<0.0001*
<0.0001*

Table 2.3. Average number of surviving pupae and pupal weights at the end
oflaboratorysurvival experiments in 2013 and 2014. Differing letters represent
significant host plant differences in pupal weights (p<0.0001).
Host Plant
Apple
Birch
Cherry
Maple
Oak
Lowbush
blueberry
Highbush
blueberry

Survivin
g pupae
45.00
52.33
33.25
40.00
65.00
35.50

+/- SE

+/- SE

6.12
11.08
11.77
9.50
11.92
13.63

Pupal
weight
0.197
0.110
0.214
0.159
0.181
0.150

0.010
0.006
0.012
0.008
0.008
0.011

Tukey'
s HSD
AB
ABC
A
C
B
C

20.50

4.29

0.069

0.004

N/A
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Field Sleeve Cage Experiment
In 2013 host plant type and set date had significant impacts on the number of
winter moth larvae surviving to pupation in field sleeve cages, but there was no
significant interaction between these two factors. More live pupae were collected
from sleeve cages on oak and apple compared with those collected from the other
host plants, and the number of live pupae decreased with later set dates on all host
plants (two-way ANOVA; host plant: F(1,64)=7.9, p<0.0001; set date: F(5,64)=6.15,
p=0.016; interaction: F(5,64)=1.46, p=0.22) (Figure 2.5).
In 2014 host plant type again significantly impacted the number of larvae
surviving in the sleeve cages; however, there was no effect of set date on larval
survival in this year. The differences in the number of live pupae collected from
sleeve cages on different host plants was consistent with the previous year, with the
greater number collected from oak and apple compared to the other host plants
(two-way ANOVA; host plant: F(5,48)=7.85, p<0.0001; set date: F(1,48)=0.16, p=0.69;
interaction: F(5,48)=0.65, p=0.66) (Figure 2.5. The size of field collected larvae used to
supplement the second set date did not differ between host plant for all plant types,
except for larvae collected from cherry. Larvae collected from cherry were smaller
than those collected from all other host plants (one-way ANOVAs; head capsule
width: F(5,444)=6.23, p<0.0001; body length: F(5,444)=10.52, p<0.0001). The weights of
surviving pupae collected from sleeve cages did not differ between host plants and
set dates (one-way ANOVAs host plant: F(4,73)=0.77, p=0.55; set date: F(1,73)=1.02,
p=0.32).
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Figure 2.5. Mean proportion of live pupae at the end of sleeve cage experiments in
2013 (A.) and 2014 (B.). Differing letters represent differences in significance
between host plants within years.
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NPV Incidence
Our preliminary microscopy examinations revealed the presence of occlusion
bodies matching those of the winter moth NPV in 8 out of 99 cadavers examined.
Molecular analyses revealed the presence of NPV in winter moth larvae collected
from all host plants, but there was no significant difference in the incidence of NPV
in winter moth larvae collected from the different host plants over the two years
examined (X2(6)=3.33, p=0.77). NPV incidence across all host plants did increase
significantly with later collection dates (X2 (1)=25.25, p<0.0001), but did not differ
between years (X2 (1)=2.21, p=0.14). There was a significant interaction between
host plant and collection week (X2(6)=19.43, p=0.004) (Table 2.3).
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Table 2.4. Percent* of individual caterpillars found positive for NPV collected
from each host plant and collection date.

Date
5/16
5/23
5/29
6/6
5/21
5/28
Collecte
/13
/13
/13
/13
/14
/14
d
Oak
0
0
15
30
0
35
Apple
0
5
25
85
0
10
Maple
10
5
20
25
0
60
Cherry
0
0
30
30
0
15
H
Birch
5
5
15
50
0
0
os
Lowbus
0
0
0
55
5
0
t
h
Pl
blueberr
a
y
nt
Highbus
0
10
0
0
0
10
h
blueberr
y
*Based on 20 individuals per host plant on each collection date except on
5/16/13 for which 5 individuals were processed on cherry and 13 on lowbush
blueberry, and 5/21/14 for which 19 were processed from lowbush blueberry
and 14 from highbush blueberry.
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Discussion
Though the winter moth is a polyphagous insect that takes advantage of many
different host species, our studies support previous findings that, when available,
oak is usually the primary host. We observed higher densities and greater
defoliation on red oak and apple trees in Harpswell, ME. Similarly, survival was
higher and development was faster overall for larvae on oak and apple compared to
the other host plants. Varley and Gradwell (1956) described the pedunculate oak
(Quercus robur) as the primary host plant of winter moth in England. This is further
supported by numerous studies throughout the winter moth’s native range (Feeny
1970, Vanbergen et al. 2003). Winter moth has caused severe defoliation to other
oak species in North America, most notably the red oak (Quercus rubra) in Nova
Scotia (Embree 1967, Embree 1991) and Massachusetts (Simmons et al. 2014).
Apple is also described in the literature as a severely defoliated host plant in both
England and Canada (Holliday 1977, Roland and Myers 1987, MacPhee et al. 1988,
Embree 1991). Interestingly, populations in apple orchards remained high in
Canada after the initial population crash following the introduction of the parasitoid,
Cyzenis albicans (Embree 1991). Populations remained low in mixed deciduous
forests, but outbreaks continued to occur in fruit orchards. This may be due to the
differences in oviposition behavior exhibited by Cyzenis albicans in apple orchards
versus oak stands (Roland 1986). In British Columbia, it was found that a larger
number of eggs were clustered on leaves with high levels of defoliation on oak than
on apple trees, which would increase the likelihood of the parasitoid being
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consumed by the host. However, in apple, the ovipositing parasitoid responds to
host density, rather than defoliation level (Roland 1986).
Winter moth has not previously been recorded on wild lowbush blueberry, an
extremely important crop in Maine, although it has been described on other
Vaccinium species such as Vaccinium corymbosum (highbush blueberry) (Cuming
1961, Roland and Szeto 1990), Vaccinium myrtillus (European blueberry or
billberry) (Vanbergen et al. 2003, Nestby et al. 2011), and Vaccinium macrocarpon
(American cranberry). It is a known pest of highbush blueberry in the Pacific
Northwest and Canada (Roland and Szeto 1990, Horgan 1999). We observed no
larval survival on highbush blueberry in laboratory experiments in 2013. However,
in 2014, survival on highbush blueberry was moderate. We suspected that excised
highbush blueberry foliage in 2013 may have been contaminated with pesticides
and hence, we used a different foliage source in 2014.
Of the target host plants, we observed the lowest larval densities in the field on
pin cherry. However, winter moth has previously been reported as a pest on stone
fruits and wild cherry species (Tikkanen et al. 2000, Rubtsov and Utkina 2012). We
also observed lower larval survival on pin cherry in thelaboratoryand field;
however, the pupal weights of surviving pupae were higher in larvae fed on cherry
than on all other host plants. This suggests that although overall survival may be
low, the individuals that are able to survive and take advantage of this less
defoliated host do not see a reduction in fitness. Because survival was lower on
cherry, the few remaining larvae also had more available food and less competition
within petri dishes. We also observed possible cannibalism in 2013, when each dish

41

contained 10 larvae each. More available food and decreased competition could
contribute to increased pupal weights. Roland and Myers (1987) found that in the
same year pupal weights decreased with increasing larval densities and defoliation
on oak and apple trees. Tikkanen et al. (2000) found higher survival of larvae fed on
Prunus padus, a species of wild cherry compared to larvae fed on Populus tremula,
Quercus robur, and Salix phylicifolia. Pin cherry (Pr. pennsylvanicus) is an early
successional tree that is common in disturbed northern hardwood and boreal
forests and plays a role in nutrient cycling and ecosystem stabilization (Marks 1974,
Likens et al. 1978, Schowalter 1981, Roskoski 1980). Leaf chemistry has a great
effect on insect development and survival. Because ecosystem characteristics affect
leaf chemistry (Roskoski 1980, Ollinger et al. 2002) this presents the possibility that
differences in local foliar chemistry can potentially affect winter moth populations.
Furthermore, in a disturbed forest, pin cherry and other successional species will
dominate the area, changing the forest composition, as well as the host plant species
available for insect herbivores. It is possible that because winter moth larvae are
mobile and able to move from poor to high quality hosts, these patchy populations
of hosts in early successional or disturbed habitats can influence winter moth
distribution throughout the landscape.
Although previous studies have shown that host plant species can affect
pathogen success in Lepidoptera (Farrar and Ridgway 2000, Raymond et al. 2002),
we found no effect of source host plant on NPV incidence in field-collected larvae.
However, in these previous studies, the host plants were inoculated with virus and
actively fed to larvae, whereas we surveyed the natural virus incidence in the field.
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Because winter moth are able to move freely from host plant to host plant, it is
possible that we saw no host plant effect because our larvae were not restricted to
feeding on one host plant type. These previous studies also measured larval
mortality due to virus and the virus propagation in cadavers. Our study measures
virus incidence as opposed to virus caused mortality, as we surveyed live frozen
larvae rather than larvae that died as a result of virus. We show that winter moth
NPV occurs naturally in the Maine winter moth population, and can be found in
larvae regardless of the host plant they feed on. Additionally, we show that the virus
builds in the winter moth population throughout the spring feeding period and is
present in both years of this study, suggesting that the virus persists in Harpswell,
ME and is transmitted horizontally. Although there is a significant interaction
between host plant and collection week in our results, the interaction is only
present in collection weeks two and three and is seen in the proportion of virus in
lowbush blueberry. The virus is only found in week two in 2014 in the data included
in our model. However, when we look at all of the available data, the proportion of
virus increases in lowbush blueberry once again in week four in 2013. We did not
include this data in our analysis in order to keep a balanced model. We also
observed mortality from NPV in caterpillars during thelaboratorysurvival
experiments in 2013. Although there has not been success previously in using NPV
to control winter moth, it is a natural cause of mortality in the Harpswell population
and these natural causes of mortality are important to winter moth control in
conjunction with the parasitic Cyzenis albicans, which was released in Maine in 2013
and 2014 (J. Elkinton, personal communication).
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In coastal Maine, small pockets of winter moth outbreak are separated by
geographic location. In Scotland, geographically isolated populations of winter moth
have been observed surviving on predominantly different host species and as a
result have exhibited stark differences in phenology, adapted to match the
phenology of their respective predominant host (Vanbergen et al. 2003). Similarly,
Kerslake and Hartley (1997) found that winter moth populations in heather
moorlands had an earlier egg hatch than populations feeding on oak. This difference
in timing of hatch coincides with differences in host plant phenology. Host plant
phenology varies between plant species as well as over time. We observed a delay in
development of winter moth on oak in early 2014. This delay was not observed in
2013, most likely because oak budburst was two weeks later in 2014 than in 2013.
Varley and Gradwell (1956) found that oak trees with later bud break are less
susceptible to defoliation from winter moth. Our study supports the hypothesis that
synchrony between winter moth egg hatch and host plant bud burst is important to
larval survival. However, a similar study reported no effect on winter moth larval
survival with a disruption in egg hatch and budburst synchronies in heather feeding
populations (Kerslake and Hartley 1997). Vanbergen et al. (2003) suggest that
phenology is important, but depends on the host plant in question. As discussed
earlier, synchrony is important for larvae feeding on deciduous hardwoods such as
oak (Feeny 1970, Tikkanen and Julkunen-Titto 2003), but seems to be less
important for larvae feeding on evergreen species such as heather and sitka spruce
(Vanbergen et al. 2003, Kerslake and Hartley 1997). This synchrony allows the
larvae to feed on young, more nutritious leaf material, when nitrogen content is high
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and tannin and lignin content is low (Feeny 1970, Haukioja et al. 2002). We
observed a linear decrease in foliar nitrogen content throughout winter moth
feeding period. However, there was a marked decrease in nitrogen content that
occurred three sample dates before winter moth pupation. Though there are risks to
herbivores feeding early in the spring, winter moth larvae are able to exploit higher
leaf quality, which is correlated with increased growth and adult fecundity in many
spring-feeding Lepidoptera (Feeny 1970, Hunter and Elkinton 2000, Haukioja et al.
2002). Work with other spring feeding Lepidoptera has shown that synchrony
between egg hatch and host plant budburst is important for larval survival and
when synchrony is disrupted, dispersal of early instar larvae from more mature host
plant buds to new hosts is increased (Hunter and Elkinton 2000). In addition to
nitrogen differences throughout the feeding period, we observed an interesting
difference in foliar carbon content between the target host plant species. Lowbush
blueberry, white birch, and pin cherry leaves had a higher carbon content than oak,
maple, and apple. The plants with lower carbon content in our study have each been
described as more preferred host plants for winter moth (Cuming 1961) and were
the host plants that supported higher densities, greater survival, and faster
development in our experiments.
Changes in temperature and atmospheric CO2 affects host plant phenology as
well as host plant leaf chemistry. This has important implications for winter moth as
a forest and agricultural pest. Through climate change the winter moth has been
able to expand its range northward and inland in both native and introduced ranges
(Jepsen et al. 2011, Elkinton et al. 2015). This presents the possibility for winter
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moth to attack new hosts and can possibly exacerbate defoliation. However,
increased winter cold events in northern climates may help increase winter
mortality, and therefore alleviate winter moth defoliation in the spring. We
observed significantly lower larval populations in 2014 than in 2013. During
January 2014, when adult winter moth were still active in Harpswell, ME, there was
a prolonged period of extreme cold, with air temperatures reaching -25 °C and dead
female winter moth adults were observed on the snow at the base of host trees.
Host plant species and phenology are important for winter moth survival,
causing certain host plant species to be more at risk to defoliation than others.
Dispersal by ballooning allows winter moth larvae to expand their local ranges as
well as re-infest previously sprayed orchards and fields (Edland 1971). Although we
observed lower larval densities on wild lowbush blueberry in the field, oak and
apple are often found in field edges, which would allow larvae to infest open
lowbush blueberry fields in search of new host plants after defoliating the preferred
oak and apple edge trees. We observed larvae feeding in the center of a 235 m x 82
m field within the infestation area. It is not clear whether winter moth overwinter in
these open blueberry fields in Harpswell, ME or if they balloon in from edge trees;
however, in Europe they are able to cycle on moorland heather. Therefore, it is
possible that winter moth would be able to establish and cycle in an unmanaged
wild lowbush blueberry field. The host plant species at risk may depend on
geographic location and ecosystem characteristics that affect host plant phenology
and leaf chemistry. The winter moth is an important pest of forest trees as well as
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agricultural crops. Therefore, it is important that we continue to monitor the
expansion and feeding behavior of this pest outbreak in Maine.
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CHAPTER THREE
POPULATION TRENDS OF ADULT WINTER MOTH (OPEROPHTERA BRUMATA)
OVER TWO YEARS IN HARPSWELL, MAINE
Abstract
This study examines the relative adult male and female densities of winter moth,
Operophtera brumata (L.), in Harpswell, ME. We measured female densities to
determine whether one host species is favored for egg laying more than another. We
found that the winter moth densities during the second winter of this study were
lower than in the first, possibly in response to extreme cold temperatures during
January 2014. We also found that peaks in male flight coincided with temperatures
rising above freezing and that female densities were highest on red oak, a known
preferred species of winter moth.
Introduction
The winter moth, Operophtera brumata, is an invasive insect in North America
and causes severe defoliation in outbreak areas. The winter moth was originally
introduced into Nova Scotia in the 1930s but was not confirmed as winter moth
until 1950. After its introduction into Nova Scotia, it spread throughout the province
causing widespread defoliation to forest hardwoods as well as orchard crops. More
recently, spring feeding Lepidoptera defoliation was described in Massachusetts in
the 1990s; however, this defoliation was attributed to outbreaks of fall cankerworm
(Alsophila pometaria) and Bruce spanworm (Operophtera bruceata). This was not
confirmed as a winter moth outbreak until 2003 (Elkinton et al. 2010). This
confusion comes from the physical and phenological similarities between the
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invasive winter moth and common spring defoliators native to North America. Since
the identification of winter moth in Massachusetts in 2003, Elkinton et al. (2010)
have identified winter moth populations in Connecticut, New Hampshire, New
Jersey, New York, Rhode Island and coastal Maine.
Adults of this insect are cold hardy and are active throughout the winter months.
Survival and emergence from the pupal stage relies on cold temperatures during the
later period of pupation (Holliday 1983). Adults emerge in the late fall, with males
emerging earlier than females. The females are flightless and after emerging from
the ground, they crawl towards a host plant, crawling higher into the canopy and
emitting a sex pheromone to attract males. Upon mating, females lay single eggs on
the bark of their host plant under lichen or in crags for protection. The eggs spend
the rest of the winter on the host plant tree (Cuming 1961). Varley and Gradwell
(1960, 1968) have described winter mortality, encompassing the time adults
emerge from their pupal stage to the late instar larval population, as the key factor
determining winter moth population dynamics in England. There has been
extensive work on larval populations and early instar mortality; however, not much
work has focused on the adult populations. This study aims to assess the winter
densities of adult male and female O. brumata in coastal Maine.
Methods
Study sites
This study was executed over a period of two years within the winter moth
infestation area in Harpswell, ME along the southern most section of ME state route
123. Two closely located sites were utilized throughout the course of this study. The
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first (43.751814°N, -70.007376°W) and second sites (43.754064°N, -70.010518°W)
were residential homes surrounded by mixed deciduous stands.
Male Relative Density
During the winters of 2012 to 2013 and 2013 to 2014 a total of three plastic unitraps were hung on red oak trees (Quercus rubra) between the two study sites. Each
trap was baited with the winter moth sex pheromone, provided by Dr. Joseph
Elkinton. Baits were small rubber stoppers impregnated with a 1,000 μg mixture of
the pheromone (90% (Z,Z,Z)-1,3,6,9-nonadecatetraene) and attached to traps with a
metal clip. Traps were monitored daily by volunteer residents of Harpswell and all
moths were removed and counted. A subsample of adult males collected during the
month of November and early December were dissected and the shape of the uncus
was examined to determine whether moths caught in the traps were O. brumata and
not O. bruceata (Elkinton et al. 2010).
Female Relative Density
During the winters of 2012 to 2013 and 2013 to 2014, six known winter moth
host tree species were selected at both sites and wrapped with sticky traps. The
selected host tree species were: Quercus rubra (red oak), Malus sp. (apple), Acer
rubrum (red maple), Prunus pensylvanica (pin cherry), and Betula papyrifera (white
birch). Traps consisted of a 3 cm deep strip of cotton batting covered with an outer
plastic strip coated with Tanglefoot™ and placed with the sticky side facing towards
the tree trunk. Females would crawl up the tree after emerging from their pupae
and, upon encountering the cotton batting, they were directed towards the
Tanglefoot™ coated plastic. During the winter of 2012 to 2013 the number of
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females caught on each sticky band was counted on five bands that were deployed
for one week. Bands were placed on two oaks, one birch and two maples. During the
winter of 2013-2014, seven bands were deployed for the entire winter moth flight
season. In this year the numbers of females caught on bands were counted weekly
from 12 November 2013 to 23 January 2014 on the following number of tree
species: two oak, two apple, one cherry, one birch, and one maple. The number of
total females caught on each host plant species over one week 2012-2013 and 20132014 was assessed using a three-way ANOVA with JMP®, Version 11 (SAS Institute
Inc., Cary, NC, 1989-2007), with host plant and DBH as factors and site as a blocking
variable.
Results
Male Relative Density
The flight period for male winter moths occurred from 6 November 2012 to 12
January 2013 in the first winter and from 2 November 2013 to 21 January 2014 in
the following winter. The average daily low temperature and male flight activity was
positively correlated, with the mean trap catch increasing as temperatures rose
above freezing (2012/2013: Spearman’s ρ=0.63, p<0.0001; 2013/2014:
Spearman’s ρ=0.57, p<0.0001). Peaks in trap catch and flight activity coincided
with days when the minimum temperature was above 0°C and in January 2014,
when the average high temperatures rose above 0°C consistently for several weeks,
there was a small, late emergence of male moths intermittently from 15 January
until 21 January 2014. Additionally, no correlation was found between precipitation
and male flight activity in the winter of 2012/2013 (Spearman’s ρ=0.08, p=0.55).
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Male relative densities were lower in the second winter of this study than in the first
(one-way ANOVA: F=9.11(1,151), p=0.003) (Figure 3.1). A total of 150 adult male
moths were dissected for identification. Only 13 out of this subsample were
identified as O. bruceata, all other moths were confirmed to be O. brumata.
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Figure 3.1. Mean number of adult male moths trapped in two pheromone traps at
site one from November 2012 to January 2013 (A) and November 2013 to January
2014 (B) plotted with the mean high and low daily temperatures. Mean number of
adult male moths trapped in pheromone traps compared between different years
(C).
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There were no significant differences in the number of females trapped due to
host plant size or tree size (three-way ANOVA; plant: F(4,5)=0.88, p=0.54; DBH:
F(4,5)=0.43, p=0.54; limited degrees of freedom did not allow testing the interaction).
Observed densities were highly variable depending on the individual tree. Though
one oak hosted the highest number of females overall, another oak included in the
study trapped fewer females than other host plants. Similarly, we observed one
apple tree hosting a high number of females and two separate apple trees at a
different site with a much lower female count (Table 3.1).
Table 3.1. Total cumulative number of adult female winter moth trapped over a
period of 10 weeks from 12 November 2013 to 23 January 2014 (A) corrected for
tree DBH. Represented as number of females per inches DBH. Total adult female
winter moth trapped over one week from 7 December 2012 to 14 December 2012
(B) corrected for tree DBH. Represented as number of females per inches DBH.
Host Plant

Total Females per week and DBH (cm)

Nov 2013-Jan 2014
Oak (site 1)
Oak (site 2)
Apple (site 1)
Apple (site 2)
Cherry (site 2)
Birch (site 1)
Maple (site 2)
Dec 2012
Oak (site 1)
Oak (site 1)
Birch (site 1)
Maple (site 2)
Maple (site 2)

6.90
2.37
2.93
1.09
0.29
0.89
0.63
7.43
0.81
1.86
2.25
0.46
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Discussion
We found that adult male activity is correlated with temperature, with peaks in
activity occurring when air temperatures are above freezing. This supports findings
in Nova Scotia, where peaks in adult male flights coincided with temperatures above
0°C (Cuming 1961). This is possibly driven by not only the challenge of being active
in extreme cold, but also the ability of males to detect the volatile female
pheromones. A study that examined the winter moth sex pheromone found that
males were responsive to female pheromones between 4 and 15° C. This
temperature range is on the lower end of response ranges for other moth species
exposed to sex pheromones (Roelofs et al. 1982). However, throughout this study,
the ideal reported pheromone temperature range is on the high end of the actual
temperature range we observed during the winter moth flight period, with
temperatures dropping well below 10° C for much of December. We observed a
decrease in adult winter moth populations during the second winter of this study,
coinciding with extreme cold temperatures during January. During this cold period,
adult females were observed dead on the snow pack at the base of host trees. This
decrease in adult population preceded the lower spring larval populations observed
in 2014 (Figure 2.1).
This finding has implications for spring defoliation levels and for the control of
this insect. The host specific parasitic fly of the winter moth, Cyzenis albicans, has
recently been released in Maine with the hopes of establishment and eventual
control of winter moth. The life cycle of this insect is such that it pupates under
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ground throughout the entire adult winter moth flight period and emerges in the
spring. Thus, with enough insulating snow, this insect is not likely vulnerable to
extreme cold temperatures like the adult stage of the winter moth. Additionally,
many studies have shown that once the parasitoid is established, other causes of
mortality, such as pupal predation, are important for controlling outbreaking winter
moth populations (Varley and Gradwell 1960, Frank 1967, Horgan and Myers 2004).
Populations of winter moth have been detected as far north as Machias, ME
(Elkinton et al. 2010, Elkinton et al. 2015); however, outbreaks remain in localized
pockets in the southern to mid coast area. Though the winter moth has rapidly
expanded its range throughout southern New England since its introduction,
extreme cold temperatures may be a limiting factor for winter moth expansion and
outbreak throughout northern coastal Maine.
Winter moth and the closely related Bruce spanworm are equally attracted to
the pheromone mixture used in this study (Roelofs et al. 1982, Elkinton et al. 2011).
Out of 150 dissected males, we identified only 13 as Bruce spanworm. These
dissections were done only for late November and early December trap catches, as
this is the period of time when Bruce spanworm activity and winter moth activity
overlap in Maine (J. Elkinton and C. Donahue, personal communication.). Winter
moth may expand inland in Maine due to warmer winter temperatures (Elkinton et
al. 2015). Furthermore, recent studies have described hybridization between winter
moth and Bruce spanworm, which may promote inland range expansion (Elkinton
et al. 2010, Gwiazdowski et al. 2013, Elkinton et al. 2014). It is possible that through
hybridization the winter moth will no longer be limited to coastal habitats in Maine.
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The Bruce spanworm is a native North American pest of many different tree species
and often has periods of outbreak and causes occasional defoliation in the northern
United States and Canada (Brown 1962, Elkinton et al. 2010). This potential range
shift may put new host plant species at risk of defoliation by winter moth in inland
habitats.
We observed the highest number of females utilizing oak trees for egg laying
throughout both years of this study. This relates to spring larval densities, which are
higher on oak trees than on other host plant species (Chapter 2). Because females
are flightless, dispersal of this insect is reliant on the larval stage (Cuming 1961). As
such, though eggs may be predominantly laid on one host plant species, the larvae
are able to freely disperse to new host plant types when faced with competition
from other larvae, inferior plant quality, or unopened plant buds (Varley and
Gradwell 1960, Feeny 1970, Travis et al. 1999). This is of interest for developing
control methods that target the primary host plant species of the winter moth. In
light of a changing climate, further monitoring and research is needed to evaluate
the spread of winter moth in Maine and the population dynamics in relation to
extreme cold winter temperatures.
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CHAPTER FOUR
WINTER MOTH – SPRING DEFOLIATOR OF WILD BLUEBERRY
Introduction
The winter moth is an invasive insect pest in North America that originates from
Europe. This insect was accidentally introduced into Nova Scotia in the early 1900s
where it became a pest of forest trees and agricultural crops including apple and
highbush blueberry. It then was discovered in British Columbia and the Pacific
Northwest in the 1970s where it once again became a pest in apple and highbush
blueberry cultivars. In the 1990s the winter moth was found in Massachusetts,
where it caused dramatic defoliation to many different tree species and most
notably became a pest on cranberry. More recently, populations have been detected
in Maine, with the first report of severe tree defoliation occurring in the spring of
2012 in the towns of Harpswell and Vinalhaven, Maine. This insect attacks a wide
range of woody plant species and can result in complete defoliation of trees and
shrubs as well as economic damage to many different agricultural crops, including
wild blueberry. Currently the winter moth is found all throughout coastal Maine, but
may spread east to the large growing areas of the state.
Description
Adults
Females are wingless and small bodied, a little less than ½ inch long. They are
greyish brown in color, allowing them to easily blend in with the bark of their host
plants. Males are the only ones that fly. They are small grayish brown moths with a
wingspan of about ¾ of an inch and are active throughout the evening. Moth
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emergence, male flight and female egg laying occur during the late fall and early
winter months in Maine.

Figure 4.1 (A)
Figure 4.1 (B)
Flightless adult female winter moth crawling up the trunk of a birch tree (A).
Adult male winter moth resting on the trunk of an oak tree during the day (B).
Photos by Kaitlyn O’Donnell.
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Figure 4.2
Winter moth eggs laid on the bark of an oak tree, protected by lichen. Photo by Kaitlyn O’Donnell.

Eggs
Eggs are laid in clusters on the bark of host plants, often underneath lichen or in
cracks in the bark. When they are first laid, they are green in color. As they develop,
they turn pink and finally they darken to a deep blue just before hatching. They are
found on the bark of host plants throughout the later winter months and very early
spring.
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Figure 4.3
Winter moth larvae feeding on oak leaves exhibiting the characteristic swiss-cheese like feeding
pattern of older larvae. Photo by Hillary Morin.

Larvae
Winter moth larvae are small green inchworms, also known as loopers or
spanworms. They are small green caterpillars with one darker green strip down the
center of their back and two white stripes on each side of their body. They move
with an inching motion similar to the blueberry spanworm and the chain geometer.
These caterpillars can be confused with the blueberry sawfly, which is also a green
caterpillar that feeds inside leaf and flower buds. However, the blueberry sawfly is
not an inch-worm and it does not have pale stripes along its body. Winter moth
larvae go through five larval stages, called instars. When they first hatch in mid to
late April, they are tiny, only about 1/10th of an inch in length. In their final stage of
larval development, they have grown to ¾ of an inch long. They are able to produce
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silk that they use to move from host plant to host plant in their early stages of
development. This method of travel is called ballooning and depending on weather
conditions caterpillars are able to balloon up to a mile away. These caterpillars are
found feeding inside wild blueberry leaf and flower buds when they are just
beginning to open. As the blueberry leaves and flowers open and mature, the
caterpillars are often found feeding on the underside of the leaves or inside of the
blueberry flowers. They will also use silk to roll up the edge of a leaf or sandwich
two leaves together in order to feed and protect themselves from predators. On
highbush and wild blueberry plants, winter moth caterpillars prefer to feed on
flowers.
Pupae
In their final instar, winter moth caterpillars use their silk to drop from the
canopy, create a cocoon of soil and silk and pupate inside. These cocoons look like
small oval dirt pellets, less than ½ an inch in length and are found in the top layer of
soil beneath the host plant they fed on. The naked pupae are brown with a hard
exoskeleton.
Life Cycle
Winter moth adults are active during the winter months. In coastal Maine, this
occurs from mid November to mid January. They are most active when
temperatures are above freezing. On colder days, they rest on trees, houses, and
other surfaces that may offer some protection from cold and wind. Upon emerging
from their pupal stage, males fly in search of a female mate. When females emerge
they immediately crawl towards the silhouette of a host tree or shrub and emit a sex
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pheromone to attract a mate. After mating, the females lay their eggs on the bark of
their host plant. The eggs spend the rest of the winter on the bark of the host plant,
such as wild blueberry, until it is time to hatch. Winter moth hatch happens over a
period of a couple of weeks and occurs in the early spring. In coastal Maine this
happens in mid to late April. The caterpillars feed for about six weeks until their
development is complete and they are ready to pupate. In coastal Maine, pupation
begins in early to mid June. The pupae spend the rest of the summer and fall in the
ground until they emerge as adults in November.

Figure 4.4
Winter moth caterpillar feeding on wild lowbush blueberry flowers. Photo by Kaitlyn O’Donnell.
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Host Plant Damage
The winter moth is able to cause such severe damage to host plants because of
their high populations and the manner in which they attack their host plant. They
enter the newly opening buds of leaves and flowers and feed on the tissue from the
inside out. When populations are at outbreak levels, there can be upwards of 20
larvae in one bud. Areas where populations are this high experience drastic
defoliation in the late spring months. These plants are able to send out new leaves
later in the summer, but fruit production is lost for that year.
The winter moth has not previously been reported as a pest of wild blueberry;
however, our recent studies have found that the winter moth will readily feed on
wild blueberry in Maine. Currently, in outbreak areas, winter moth larvae are found
in low numbers in wild blueberry fields. However, larval densities are very high on
oak trees, which are commonly found in blueberry field edges. Through ballooning,
caterpillars are able to drop from these edge trees where densities are high into the
field interiors below.
Control and Management
The winter moth was successfully controlled in Canada in the 1950s using a
parasitic fly as a biological control agent. This parasite attacks the caterpillars,
allows them to feed and pupate, and then kills the pupal stage. It has been released
in Massachusetts, where they are beginning to see positive results, and has more
recently been released in Harpswell and Cape Elizabeth, Maine. However, based
upon these previous releases, it will most likely take up to ten years before seeing
any positive results in coastal Maine. In general, insecticide control of this insect is
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discouraged because the larvae are feeding during the bloom of wild blueberry, and
using most insecticides registered for wild blueberry during this stage is harmful to
pollinators visiting these plants. However, insecticides safe to bees can be used if
populations are damaging. Consult Cooperative Extension recommendations for
control tactics.
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APPENDIX A
ADULT FEMALE PREDATION
Introduction
The winter moth is an important invasive pest of forests and agricultural crops
throughout coastal North America. In Canada, this insect is successfully controlled
through the release of a parasitic fly, Cyzenis albicans (Roland and Embree 1995).
After the initial decrease in winter moth population seen in areas where this fly has
established populations, the presence of other natural enemies becomes very
important for continued control. Predation of the pupal stage is reported as the
most important factor for winter moth control in both native and introduced areas
(Varley and Gradwell 1960, Frank 1967), especially in apple orchards (MacPhee et
al. 1988). Winter disappearance and early instar dispersal account for much of the
natural mortality seen in both native and introduced ranges (Varley and Gradwell
1960, MacPhee et al. 1988). Bird predation on late instar larvae has been observed
in England and Russia and is well studied in the titmouse-winter moth-pedunculate
oak system (Buse et al. 1999, Rubtsov and Utkina 2012). Interestingly, Amo et al.
(2013) reported birds seeking out winter moth infested trees and found that these
predatory birds found infestations by detecting damaged host plant volatiles.
In its introduced range, the presence of winter moth provides an ample food
source that would not normally be available. This is especially true during the
winter, as the adults are active at a time of very low insect activity. Though Varley
and Gradwell (1960) reported winter disappearance to be the leading cause of
winter moth mortality in England, predation of winter moth adults is not as widely
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studied as the predation of larvae in the spring and pupae in the summer and fall.
We observed birds in Harpswell, ME feeding on adult winter moths and often
noticed that females were removed from sticky traps, likely by birds. Hagen et al.
(2003) reported variation in coloration of winter moth larvae and discussed how
this would affect bird predation since birds are primarily visual predators. Adult
female winter moths have dark, cryptic coloration that camouflages them against
the bark of oak and maple trees. However, females are also observed on the trunks
of white birch trees, which have a lighter bark color. As a result, females may be
more visible to predators depending on the host plant they choose to lay their eggs
on.
We hypothesize that bird predation of female winter moths is higher on birch
trees than on oak trees. Birds often have a significant impact on populations of
forest Lepidoptera (Holmes et al. 1979). The abundance of winter moths in
Harpswell, ME provide an extra food source for birds through the winter spring
months. Birds may be an important factor in winter moth control after the
establishment of the parasitic fly, C. albicans. Additionally, if predation on birch is
high, it is likely that fewer larvae will hatch on birch trees, making them less
susceptible to larval feeding damage in the spring.
Methods
A preliminary experiment was conducted in December 2012 in a plot of woods
behind a home located on rt. 123 in Harpswell, ME (43.754064°N, -70.010518°W).
Three pairs of trees were flagged; each pair contained a red oak and a white birch.
One piece of dark construction paper and one piece of white construction paper,
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both chosen to match oak and birch bark respectively, were attached to each tree
using nails. The two sheets of construction paper on each tree were stacked, one
higher than the other, facing east, alternating the top color for each tree pair. Ten
dead adult females were glued to each piece of construction paper using
Tanglefoot™. The experiment was deployed on 7 December 2012 and collected on 9
December 2012. The number of females remaining on each piece of construction
paper was recorded and data was analyzed in R (R Development Core Team 2008)
using an ANOVA with tree type and construction paper color as factors in the model.
A second experiment was conducted during December 2013 in the woods
behind a residential home on rt. 123 in Harpswell, ME (43.751814°N, 70.007376°W), one quarter of a mile south of the site chosen in 2012. In order to
match the bark coloration more closely, pieces of oak and birch bark were used in
place of construction paper. Bark was placed onto five pairs of oak and birch trees
using the same technique and alternating color pattern as the construction paper in
2012. Bark pieces were nailed into tree trunks and 10 dead female winter moths
were glued to each piece of bark using Tanglefoot™. The experiment was deployed 7
December 2013 and was concluded after one week. The numbers of females
remaining on the bark were checked every two days and any missing females were
replaced with a new dead female winter moth. No statistical analysis was necessary
in 2013.
Results
In 2012, 20% of females were taken over the course of the experiment. There
was a significant effect of paper color on female winter moth predation, with less
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winter moths remaining on black construction paper regardless of tree type. The
tree species and interaction were not significant (ANOVA; tree: NS, paper:
F(1,9)=10.12, p=0.01, interaction: NS).
When this experiment was repeated with different methods in 2013, it
coincided with extreme cold temperatures, which limited both bird and winter moth
activity. One oak tree had all winter moth removed from experimental bark pieces
every time it was checked, whereas all other trees ended the experiment with ten
females still remaining. In 2013, 13.04% of females were removed throughout the
course of the experiment.
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APPENDIX B
PUPAL SURVIVAL IN POTTING MIX
Introduction
The winter moth was introduced into North America in the 1930s. The initial
introduction into Nova Scotia caused widespread defoliation throughout hardwood
forests and apple orchards (Cuming 1961). The winter moth has since been
identified in British Columbia, and in the United States in Washington, Oregon, and
New England (Gillespie et al. 1978, Roland and Embree 1995, Elkinton et al. 2010).
Adult females are flightless so winter moth dispersal relies on the larval stage
(Cuming 1961). Larvae are able to balloon considerable distances; however these
new introductions are due to human transport, likely in potted plants, nursery
rootstock, or firewood. The purpose of this experiment is to examine whether there
is a difference in survival for winter moth pupating in different substrates. We
hypothesized that larvae pupating in a substrate most similar to that used by home
gardeners and orchards would have higher survival.
Methods
In early June 2013, twenty five-gallon plastic pots were placed in a grid made up
of five rows of four pots below an oak canopy at a residential site within the infested
area of Harpswell, ME. Each row contained four different potting soil mixes
commonly used by both commercial nurseries and home gardeners: top soil, PROMIX ® PUR™, 50/50 blend of top soil and PRO-MIX, and PRO-MIX with a bark mulch
layer. Larvae were collected just before pupation from oak trees and fifteen larvae
were placed in each pot. Window screening was placed over top of the pots and
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secured with an elastic band and pots were left in place throughout the remainder
of the summer and fall. Pots were checked weekly starting at the beginning of
November. Once winter moth began emerging, the number of emerging adult males
and the number of adult females were counted each week.
Results and Discussion
Numbers of emerging winter moth did not correspond with the number placed
in the pot at the beginning of this experiment. In almost all pots, more than 15
winter moth emerged, suggesting either that the larvae were able to enter the pots
in June, or adults were able to crawl into pots due to space between the screening
and the pot. The elastic band securing the window screening on some of the pots
snapped due to the cold weather. Females were likely entering pots from the
outside or escaping pots because upon emerging from their pupae they immediately
crawl in search of a tree silhouette and may have encountered the pots before
encountering a tree trunk. For future success in repeating this experiment it would
be beneficial to find a more secure way to fasten the screening over the plastic pots
and to use Tanglefoot™ at the base of each pot to prevent insects from crawling up
the sides. In some pots there were holes in the window screening, likely from small
rodents chewing through the screen. The addition of Tanglefoot™ would also assist
in preventing rodents from chewing through the screening as well as preventing any
predacious beetles from entering pots.
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